The Extent of Adoption
Driven by farmers' expectations of higher yields, savings in management time, and lower pesticide costs, the adoption of first generation genetically engineered (GE) crop varieties with enhanced input traits has increased r apidly despite consumer resistance in some countries.
Bt crops contain a gene from the soil bacterium Bacillus thuringiensis (Bt) that produces a protein toxic to specific insects. Use of Bt crops is concentrated in areas with high levels of infestations of targeted pests, so acreage shares of Bt corn and cotton are lower than for herbicide tolerant (HT) soybeans and cotton, and vary more across the US. Bt cotton, which controls tobacco budworm, bollworm, and pink bollworm, was planted on 52% of cotton acreage in 2005 -ranging from 13% in California to 85 % in Louisiana. Acreage share of Bt corn flattened during 1999-2002 because farmers with t he greatest need t o protect against the European corn borer had already adopted Bt corn. Use of Bt corn expanded recently, reaching 35% in 2005, following the introduction of a new Bt variety to control t he corn rootworm.
Adoption of GE s oybeans, corn, and cotton by US farmers has increased most years since these varieties became available commercially in 1996 (Figure 1 ). HT crops survive certain potent herbicides, allowing adopters of these varieties to control pervasive w eeds more easily. HT s oybean adoption has expanded most rapidly and widely, averaging 87% of soybean acreage in 2005, followed by HT cotton, at 61% of cotton acreage.
Worldwide, an estimated 220 million acres of biotech crops with HT and/or Bt traits were planted in 21 countries in 2005, with the US accounting for about 55% of this planting and the following six countries together (Argentina, Canada, Brazil, China, Paraguay, and India) accounting for nearly 43% (James, 2005) .
In addition to corn, soybeans and cotton, US farmers adopted HT canola and virus-resistant papaya and squash. Moreover, other traits are in various stages of development. For example, by April 2005, the USDA Animal and Plant Health Inspection Service (APHIS) has approved 1,239 field testing applications for crops with resistance to virus, 647 for resistance to fungi, 1,043 for improved agronomic properties (such as resistance to cold, drought, and salinity, and more efficient use of nitrogen); and 2,314 with improved product quality (such as crops that increase protein and oil content and produce naturally decaffeinated coffee, and crops with added v itamins and iron), and 1256 with other traits. Additional information may be found in Runge & Ryan (2004) . 
Farmers' Perceptions
Data from t he USDA Agricultural and Resource Management Surveys (ARMS) conducted in 2 001-2003, revealed that most of the farmers adopting GE corn, cotton, and soybeans indicated that they did so mainly "to increase yields through improved pest control." Other popular reasons for adopting GE crops were "to save management time and make other practices easier" and "to decrease pesticide costs." These results confirm other studies showing that expected profitability increases through higher yields and/or lower costs (operator labor, pesticides) positively influence the adoption of agricultural innovations.
Adoption of GE Crops and Yields
Currently available GE crops do not increase t he y ield potential of a hybrid variety. In fact, yield may even decrease if the varieties used to carry the herbicide-tolerant or insectresistant genes are not the highest yielding cultivars. This yield decrease occurred mostly in early years; HT or Bt genes were introduced into high-yielding cultivars in later years.
However, by protecting the plant from certain pests, GE crops can prevent yield losses compared w ith non-GE hybrids, particularly when pest infestation is high. This effect is particularly important for Bt crops. For example, before the commercial introduction of Bt corn in 1996, the European corn borer was only partially controlled using chemical insecticides. Chemical u se w as not always profitable and t imely application w as difficult. Many farmers accepted yield losses rather than incur the expense and uncertainty of chemical control. For those farmers, the use of Bt corn resulted in yield gains rather than pesticide savings. On the other hand, a recently introduced Bt corn trait selected for resistance against the corn rootworm may provide substantial insecticide savings for many farmers who previously controlled that pest using chemical insecticides (entomologists estimate that the corn rootworm causes up to $1 billion in corn yield losses and insecticide expenditures annually in the US, Comis, 1997) .
Many field tests and farm surveys have examined the yield and cost effects of using GE crops (Fernandez-Cornejo & Caswell, 2006 6.Bt cotton to control the tobacco budworm,the bollworm,and the pink bollworm,commercially available since 1996. 7.Bt potatoes,containing built-in resistance to the Colorado potato beetle,were commercially introduced in 1996 and withdrawn in 1999. 8. In the mid 1990s,researchers at Cornell University and at the University of Hawaii developed two virus-resistant varieties of GE papaya.First commercial plantings were made in 1998.The new varieties were successful and were planted on more than 30% of Hawaii's papaya acreage in 1999. 9. Resistance to cold,drought,frost,salinity; more efficient use of nitrogen;increased yield. 10.Modified lignin content. 11. Includes delayed ripening;increased protein,carbohydrate,fatty acid,micronutrient,oil,and modified starch content; enhanced flavor and texture (fruits and vegetables);color (cotton,flowers);fiber properties (cotton);gluten content; natural decaffeination;and low phytase 12 Tomato GE to remain on the vine longer and ripen to full flavor after harvest; withdrawn from the market (Colorado State,2004) . 13.Includes increased vitamin,iron,beta-carotene content; antibodies,vaccines; specialty machine oils.
crops are associated with higher yields than conventional crops.
An ERS study found that increases in cotton yields in the Southeast US were associated with the adoption of HT and Bt cotton -a 10% increase in HT cotton acreage led to a 1.7% increase in yield, and a 10% increase in Bt cotton acreage led to a 2.1% increase in yield. Increases in soybean yields associated with the adoption of HT soybeans were statistically significant, but small (Fernandez-Cornejo & McBride, 2002) . The study used an econometric model that takes into consideration that farmers' adoption and pesticide use decisions may be s imultaneous and farmers are not assigned randomly to the two groups (adopters and nonadopters), but they make the adoption choices themselves. Another ERS study using 2001 survey data found that, on average, actual corn yield was 12.5 bushels per acre higher for Bt corn than for conventional corn, an increase of 9% (Fernandez-Cornejo & Li, 2005) . In addition, results using an econometric model with the 2001 data showed a small but statistically significant yield increase associated w ith farmers adopting Bt corn relative to those using conventional corn varieties (Fernandez-Cornejo & Li, 2005) .
Adoption of GE crops and Pesticide Use
Pesticide use rates (in terms of active ingredient) on corn and soybeans have declined since the introduction of GE corn and soybeans in 1996 (Fig. 2) . In addition, ERS research suggests that, controlling for other factors, there was an overall reduction in pesticide use associated with the increased adoption of GE crops (Bt and HT cotton, HT corn, and HT soybeans combined, using 1997/1998 data) resulting in a significant reduction in potential exposure to pesticides (Fernandez-Cornejo & McBride, 2002) . Overall pesticide use on corn, soybeans, and cotton declined by about 2.5 million pounds, although t here w as a s light increase in the amount of herbicides applied to soybeans.
In addition, glyphosate used on HT crops is less than onethird as toxic to humans and less likely to persist in the environment than the herbicides it replaces (FernandezCornejo & McBride, 2002) . More recently, USDA data for 2001 showed that insecticide use was 8% lower per planted acre for adopters of Bt corn t han for non-adopters (Fernandez-Cornejo & Li, 2 005). In addition, u sing an econometric model with the 2001 data, ERS researchers found a moderate, but statistically significant insecticide reduction associated with farmers adopting Bt corn relative to t hose u sing conventional corn v arieties (a 4.11% decrease in insecticide u se w as associated w ith a 10% increase in Bt corn adoption).
The ERS results generally agree with field-test and other farm surveys that have examined the effects of using GE crops (Fernandez-Cornejo & Caswell, 2006) . The majority of those results show that pesticide use for adopters of GE crops is lower than for users of conventional varieties.
Adoption and Net Returns
The impacts of GE crop adoption on US farmers vary by crop and technology. Many studies have assessed the effects of the adoption of GE crops on yields, pesticide use, and returns. A 2002 ERS s tudy 2 002) found that:
1. Planting HT cotton and HT corn was associated with increased producer net returns (revenues minus variable, pesticide, and s eed costs), but HT corn acreage w as limited t o acreage w ith t he greatest comparative advantage for this technology. The positive financial impact of adoption may also be due to low premiums for HT corn seed relative to conventional varieties.
2. Adoption of Bt cotton and corn was associated with increased returns when pest pressures were high. The adoption of Bt cotton had a positive association with producer net returns in 1997, but the association was negative for Bt corn in 1998. This suggests that Bt corn may have been used on some acreage where the (ex post) value of protection against the European corn borer (ECB) was lower than the premium paid for the Bt seed. Because pest infestations vary from one region to another and from one year to another, the economic benefits of Bt corn are likely to be greatest where pest pressures are most severe. Farmers must decide to use Bt corn before they know what the ECB pest pressure will be that year, and damage caused by the ECB varies from year to year. Some farmers may have incorrectly forecast infestation levels, corn prices, and/or yield losses due t o pest infestations, resulting in "overadoption." Also, producers may be willing to pay a premium for Bt corn because it reduces the r isk of s ignificant losses if higher-thanexpected pest damage does occur (Fernandez-Cornejo & McBride, 2002) .
3. Despite t he r apid adoption of HT s oybeans by US farmers, no significant impact on net farm returns was evident in 1997 or 1998. The lack of heightened profitability for some farmers who adopted HT • ▲ soybeans suggests that factors other than those included in traditional farm returns calculations may be driving adoption for these farmers. In particular, weed control may become simpler and require less management time, which allows growers of HT soybeans to control a wide range of weeds and makes harvest easier and faster. One important alternative use of management time is off-farm employment by farm operators and t heir spouses.
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Adoption and Household Income
Recent ERS r esearch (Fernandez-Cornejo et al., 2 005) examined t he interaction of off-farm income-earning activities and adoption of herbicide-tolerant soybeans and estimated empirically the relationship between the adoption of these innovations and farm household income from onfarm and off-farm s ources. One hypothesis was that adoption of managerial-saving t echnologies (such as HT soybeans) frees up management time for use elsewhere (notably off-farm employment), leading to higher off-farm income.
On t he other hand, managerially-intensive technologies (such as precision agriculture) would result in less time available for off-farm activities, leading to lower off-farm income. Alternatively, farmers already working offfarm may be more disposed t o adopt managerial-saving technologies. This may lead to additional off-farm work and result in even higher off-farm income. Similarly, farmers who are working off-farm may be reluctant to adopt managerially intensive technologies. In either case, we anticipated that adoption of managerial-saving t echnologies would be associated w ith higher off-farm income and adoption of managerially intensive t echnologies would be r elated t o lower off-farm income
The research found that adoption of HT soybeans was associated w ith a s ignificant increase in off-farm household income for US s oybean farmers. On-farm household income is not significantly affected by adoption but total farm household income is significantly higher for adopters, suggesting that most managerial time saved by adopters is used in off-farm work .
Market Benefits
In addition to farmers, seed suppliers, technology providers and consumers may also benefit from the adoption of GE crops in the United States. Biotechnology developers and seed firms benefit by charging t echnology fees and s eed premiums to adopters of GE v arieties. US and foreign consumers may benefit indirectly from GE crops through lower commodity prices, w hich r esult from increased supplies.
ERS estimated the total market benefit arising from the adoption of three GE crops in the United States -HT soybeans, Bt cotton, and HT cotton -in 1997 (Price et al., 2003) . Estimated benefits to farmers, seed producers, and consumers were around $210 million for Bt cotton, $230 million for HT cotton, and $310 million for HT soybeans. The estimates include the change in total welfare in both the s eed input and commodity output markets. The distribution of these benefits among consumers, farmers, technology providers (biotech firms), s eed firms, and consumers and producers in the rest of the world (ROW) varies by crop and t echnology because t he economic incentives to farmers (crop prices and production costs), the payments to technology providers (biotech firms) and seed firms, and the effect of the technology on world crop prices are different for each crop and technology (Price et al., 2003) . The estimated benefits and t heir distribution depend particularly on the analytical framework, supply and demand elasticity assumptions, crops considered, and year-specific factors (such as weather). Moreover, t he results should be interpreted carefully, since the calculations are based on only a few years of data.
